INTRODUCTION
Hydrogen is the most prevalent element in the universe and understanding its surface dynamics has profound implications ranging from interstellar chemistry 1 to maximizing performance of neutral beam injectors at the International Thermonuclear Experimental Reactor (ITER). 2 Being one of the simplest model systems for energy conversion at surfaces, H atom scattering also provides a key to developing new theories for surface chemistry.
The high adsorption probability of atomic hydrogen on metal surfaces puzzled scientists for a long time. For an atom to adsorb to a surface, its translational energy has to be transferred to the solid. However, the H atom's low mass limits energy transfer to the lattice vibrations of the solid. In 1978, Norskov and Lundqvist suggested that energy transfer to electron-hole-pair excitations has to be considered to explain the high sticking probabilities. 3 If electronic excitations play a role, the commonly used Born-Oppenheimer approximation (BOA) is not applicable and new theoretical models are required to model the surface dynamics of the hydrogen atom.
First evidence of electronic excitations in H atom interactions with surfaces was provided by experiments using Schottky diodes and metal-insulator-metal devices to measure the chemicurrent produced by H atom adsorption or by the H-H recombination reaction on metal surfaces. [4] [5] [6] [7] The experimental findings inspired several theoretical studies. [8] [9] [10] [11] [12] However, the only experimental observable here is the chemicurrent that is strongly dependent on the design of the sensor making comparison to theory difficult. Further theoretical studies focused on inelastic scattering [13] [14] [15] and diffusion. 16 Recently, we performed inelastic scattering experiments of H and D atoms from metal surfaces. [17] [18] [19] A comparison between an insulator and a metal surface showed that a large amount of translational energy is transferred to electronic excitations of the metal surface in the scattering event, explaining the high adsorption probabilities. Kandratsenka et al. developed a theoretical model based on molecular dynamics (MD) simulations on a global full-dimensional potential energy surface (PES) to simulate the inelastic scattering experiments. 20, 21 Electronic excitations were included within the local-density electronic friction approximation (LDFA). 22 The predictions of the model agreed well with observations from inelastic scattering experiments and provided an explanation of an apparent contradiction: a small isotope effect is seen in scattering, whereas a large isotope effect is seen in chemicurrent experiments.
So far, only a limited set of experimental parameters was available. In this paper, we present a large set of experimental data for one exemplary system-H atom scattering from Au(111). This gives a detailed picture of the scattering process and serves as a benchmark for newly developed theories describing the surface dynamics of H atoms on metals.
METHODS
A detailed description of the experimental setup is presented in Ref. 23 . In short, a molecular beam of hydrogen halide molecules is formed in a supersonic expansion from a pulsed nozzle. After a skimmer, a UV laser beam intersects the molecular beam and dissociates the molecules. Part of the thereby formed H atoms passes a second skimmer and two apertures to form a well-collimated H atom beam with an incidence energy Ein and a narrow energy distribution. For high intensity beams, we use an ArF or KrF excimer laser for photolysis; for high resolution and tunability, we use a frequency doubled or tripled dye laser system.
The atom beam hits the sample surface held in ultrahigh vacuum in the main chamber. The sample is mounted on a six-axis manipulator that allows the transfer of the sample between the preparation and main chambers as well as the variation of the polar incidence angle in and azimuthal incidence angle, in (with respect to the [101] direction). The surface temperature, TS, can be adjusted between 50 and 1500 K, and heating is achieved by electron bombardment and cooling by a liquid nitrogen/helium flow cryostat. The preparation chamber houses an Ar ion canon for surface cleaning and an Auger electron spectrometer (AES) and low energy electron diffraction (LEED) for surface characterization. After the H atoms hit the surface, their final energy, E fin , and scattering angle, s, are measured by Rydberg atom tagging. 24 Here, the H atoms are excited to a long-lived Rydberg state by two photons. After passing a defined flight distance, they are field ionized and detected by a multichannel plate (MCP) detector. The detector is rotatable, allowing to record time-of-flight (TOF) distributions at a variety of scattering angles. The accessible angular range is limited by the incident beam on one side-the sum of incidence and scattering angle has to exceed 40 ○ -and by the size of the crystal on the other side-the line connecting the crystal edge and laser focus defines the largest scattering angle to be 75
○ . The time-of-flight spectra are converted to energy loss spectra applying the appropriate Jacobians.
Obtaining a fully energy and angular dispersed dataset is time consuming. Therefore, we do not measure the whole time-of-flight distributions at all scattering angles but only at a limited number of selected angles. Angular distributions are measured using a boxed car integrator to directly integrate over the TOF. In this way, we obtain a density distribution. Using the TOF distributions measured for selected angles, we calculate the corresponding Using the obtained linear function for the average velocity in dependence of scattering angle, we perform an approximate density to flux conversion of the angular distributions. Figure 1 shows a representative angle-resolved translational energy distribution of H atoms scattered from a Au(111) surface. The white line at 1.92 eV marks the incidence translational energy and the red arrow at 45 ○ indicates the specular angle. The H beam is incident along the [101] direction and the surface is at TS = 293 K. Due to experimental limitations, we cannot measure the complete distribution. The scattering distribution consists of one broad feature peaking at s ∼ 25
RESULTS
○ and E fin ∼ 1.4 eV, resulting in a most probable energy loss of ∼0.5 eV. The average energy loss, Ein − E fin , is estimated to ∼0.75 eV, which corresponds to ∼39% of the incidence energy. The broad angular distribution peaking between the specular angle and surface normal suggests that, on average, the H atoms undergo several collisions with the surface in the scattering event. The large energy loss is due to an efficient energy transfer to electron-hole-pair excitations. [17] [18] [19] In the following, three aspects of the scattering experiments are discussed in detail: First, the influence of the incidence parameters of the H atom beam, second the influence of the azimuthal orientation of the crystal, and third the isotope effect.
Incident beam conditions
The incident beam conditions include the incidence energy Ein and the polar incidence angle in. In this work, we covered an incidence energy range of ∼0.9-3.3 eV. Going to lower incidence energies is, in principle, possible, but the large sticking probabilities for H on Au(111) for incidence energies <0.9 eV prohibit scattering experiments. 19 The size of the crystal and the geometry of the sample mount limit the polar incidence angle to a maximum of 75 ○ . Instead of measuring the complete angle-resolved translational energy distribution, we measured energy integrated angular distributions and energy loss spectra at selected scattering angles, making direct comparisons between results for different incidence conditions straight forward.
Integrating the distribution in Fig. 1 over energy, we obtain the angular distribution. The corresponding points are shown as open symbols in panel (a) of Fig. 2 . The solid lines show angular distributions for three polar incidence angles and otherwise identical experimental conditions obtained by directly integrating over the TOF and applying the approximate density to flux conversion described above. The angular distributions for in = 30
○ and 45 ○ are identical, the one for in = 60
○ shows slightly increased intensity at large scattering angles. All three are broad and show no structure. Panel (b) of Fig. 2 shows the dependency of the angular distributions on the incidence energy for one incidence angle. We observe no dependency of the angular distribution on the incidence energy within the experimental error.
We are not able to cover the full angular range in our experiment. That is why we cannot derive angular integrated energy loss spectra. Instead, we compare energy loss spectra at specific scattering angles, which correspond to slices of Fig. 1 . Figure 3 shows the dependency of the energy loss spectra on the polar incidence and scattering angles for two incidence energies. 
FIG. 5.
Dependence of average energy loss of H atoms scattered from Au(111) on incidence energy for one incidence angle and two scattering angles. The inset shows the average energy loss scaled by incidence energy. All results were obtained at T S = 293 K and in = 0 ○ . specular angle. The shape of the spectrum remains the same, showing one broad feature. Panels (b) and (d) of Fig. 3 show example spectra for one scattering angle of 30 ○ and three different incidence angles. Here, a similar trend is visible: the closer the incidence angle is to the surface normal, the more energy is lost in the scattering event. 
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Because the energy loss spectra show only a single feature and have similar shape, they can all be characterized by their average energy loss. Figure 4 shows the average energy loss as a function of the scattering angle for three incidence energies and three polar incidence angles. Here, the above-mentioned trends are clearly visible. The energy loss decreases with increasing incidence and scattering angles. The higher the incidence energy, the stronger the dependencies become. For a scattering angle of 0 ○ , the energy loss becomes independent of the incidence angle. The reason for larger error bars for lower incidence energies is the sticking probability of H to Au(111): It increases from 48% for an incidence energy of 3.33 eV to 79% for 0.99 eV, 19 leading to a lower scattering signal for smaller incidence energies. Figure 5 shows the dependence of the average energy loss on the incidence energy for one incidence angle and two scattering angles. In the studied energy range, the energy loss scales nearly linearly with incidence energy. The inset shows the average energy loss scaled to the incidence energy. The H atoms lose ∼35%-40% of their energy in the scattering event. A small deviation from linear scaling is observed; the percentage energy loss increases with decreasing incidence energy. Furthermore, H atoms observed at s = 0 ○ transferred more translational energy to the surface than the atoms observed at s = 45 ○ .
Crystal azimuthal orientation
We studied the effect of the azimuthal orientation of the crystal on the scattering event in detail. For this study, we chose an incidence energy of 3.33 eV. Figure 6 summarizes the obtained data. Figure 6 (a) shows a representative comparison of two energy loss spectra recorded for two different azimuthal orientations with otherwise identical experiential conditions. Both spectra are indistinguishable. Also, the angular distributions-shown in panel (c)-are identical for both crystal orientations. We made comparisons like the one shown in Fig. 6(a) for many different scattering angles. Figure 6 (b) shows the obtained average energy losses. We do not observe a dependency on the azimuthal orientation within our experimental precision. Figure 6(d) shows the H atom flux in dependence of the crystal azimuthal orientation for a scattering geometry of in = 60 ○ and s = 0 ○ . The flux is independent of the crystal orientation.
The isotope effect
A detailed study of the isotope effect is shown in Fig. 7. Figure 7(a) compares the angular distributions at identical experimental conditions for H and D atoms scattered from a Au(111) surface. No difference is observable. Figure 7(b) shows one representative comparison of energy loss spectra. Both spectra are very similar, differences are observed for low energy loss, where D atoms show more intensity than H atoms. For large energy losses, the spectra are nearly identical. Figure 7(c) shows the average energy loss and the isotope effect in dependence of incidence energy for two scattering angles. The average energy loss for H and D is similar in all cases resulting in a small isotope effect of ∆EH/∆ED ∼ 1.1. The isotope effect is independent of the incidence angle and incidence energy. disentangle the phonon and electronic contributions, measurements at equal velocity were performed. Figure 8 shows a set of measurements comparing the energy loss for H and D atoms first having the same incidence energy and second the same incidence velocity. Thereby, the D atom beam is kept the same whereas the kinetic energy of the H atom beam is varied. Figures 8(a) and 8(c) show the corresponding velocity distributions while panels (b) and (d) the energy loss spectra, panels (a) and (b) compare spectra for equal incidence energy, and panels (c) and (d) for equal incidence velocities.
Assuming that the electronic coupling scales with velocity only, it should be the same for H and D when both have equal velocities. The difference between the observed energy losses is then caused by the difference in phonon coupling due to different masses. For vH = vD, D atoms have twice the energy 2 ⋅ EH = ED. Assuming phonon excitation scales linearly with mass, D atoms lose 2 × 2 times more energy to phonon excitation, ∆ED,p = 4 ⋅ ∆EH,p, but the loss to electronic excitation should be equal for H and D: ∆ED,e = ∆EH,e. The overall loss is the sum of both components. By solving the equations for ∆EH,e and ∆ED,e, we can disentangle the phonon and the electronic contribution to the energy loss. Instead of using the average energy loss, the most probable energy loss is used in this case. It is not possible to disentangle both contributions for multibounce collisions, meaning we have to focus on single bounce events for this analysis. According to the theoretical model, the most probable energy loss approximately represents the average energy loss for single bounce events. 18 In the above example, the most probable energy losses are 380 meV for H and 500 meV for D, which results in ∆ED,e = ∆EH,e = 340 meV and ∆EH,p = 1/4 ⋅ ∆ED,p = 40 meV. Therefore, this simple analysis yields that 89% of the transferred energy goes to electronic excitations in the case of H and 68% in the case of D, close to the values predicted by the theoretical simulation.
DISCUSSION
The energy loss spectra as well as the angular distributions of H atoms scattered from Au(111) surfaces show small dependencies on the investigated experimental conditions. The H atoms lose on average 35%-40% of their incidence energy. The angular distributions are broad and structureless, and a weak dependency on the incidence angle is observable. The broad angular distributions indicate no direct scattering event. Still, there is clearly no trappingdesorption process, since the energy distributions of the scattered H atoms are not thermal. The H atoms experience a limited number of bounces before leaving the surface again. Theoretical calculations predict an average number of 2-3 depending on the incidence energy. 19 H atoms that underwent a single collision are preferentially observed close to the specular angle, while H atoms that underwent several collisions are expected to follow a cos θ angular distribution peaking at the surface normal. This explains the observed scattering angle dependency of the energy loss: At specular angle, single bounce events are observed with higher probability, while at surface normal, multibounce events dominate. As the energy loss increases with the number of collisions, 18 the average energy loss increases with decreasing scattering angle.
The energy loss also shows a weak dependency on the incidence angle: The closer the incidence angle is to the surface normal, the more energy is lost. One possible explanation is a small normal energy scaling of the electronic part of the energy loss: the larger the normal energy, the deeper the H atoms can penetrate the potential and experience a higher electron density, leading to an increased energy loss to electron-hole-pair excitations. Assuming that the phonon part of the energy loss can approximately be described within the hard cube model, 25 it should scale with cos 2 in, which is also in accordance with the experimental findings.
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We did not observe any effect of the azimuthal crystal orientation on the experimental results. In this context, one should note that the Au(111) surface reconstructs in the so-called herringbone reconstruction and is not the optimal model system for studying the influence of the azimuthal orientation. 26 The surface reconstruction could mask an azimuthal dependency due to the random orientation of its domains. A nonreconstructing surface like Ag(111) would be a more ideal candidate for such experiments. Still, we can exclude a strong influence of the crystal orientation.
Replacing H with its heavier isotope D leads to small changes. The angular distributions are identical. H atoms, on average, lose more energy than D atoms giving an isotope effect of ∆EH/∆ED ∼ 1.1. The isotope effect is independent of the incidence energy and angle. The small isotope effect is explained by a compensation of two mass dependent effects: 18 The energy transfer to lattice vibrations scales with m and, therefore, is larger for D than for H. The energy transfer to electron-hole-pair excitations scales with the velocity of the atoms, thus with 1 √ m, and is smaller for D than for H. Here, both effects nearly compensate each other, resulting in a small isotope effect. Measuring the isotope effect at equal velocities enabled us to estimate the amount of energy transferred to lattice vibrations and to electron-hole-pair excitations. The electronic part dominates the energy loss with 89% for H and 69% for D. The obtained ratios are in good agreement with theoretical predictions.
CONCLUSION
In this paper, we presented a detailed dataset for H and D atom scattering from the Au(111) surface for the energy range of 0.94-3.33 eV that provides a valuable benchmark for theoretical models of surface chemistry going beyond the BOA. The angular resolved energy loss distributions consist of a single broad feature. The average energy loss shows weak dependencies on the experimental conditions. The azimuthal orientation of the crystal has no observable effect on the scattering results. The compensation of two mass dependent effects leads to a small isotope effect.
